it has been claimed that such outflow is attributable mediated by NMDA-sensitive glutamate receptors mostly to the buffering action of the large concentra-(NMDARs) are important for synaptic plasticity. We tions of the Ca 2+ indicator dyes used for Ca 2+ measurestudied a wide variety of dendritic spines on rat CA1 ment in these studies (Sabatini et al., 2002) . pyramidal neurons in acute hippocampal slices. Two-
We have now used two-photon photolysis of a photon uncaging and Ca 2+ imaging revealed that caged-glutamate compound (MNI-glutamate) (Matsu-NMDAR-mediated currents increased with spine-head zaki et al., 2001) to achieve three-dimensionally convolume and that even the smallest spines contained fined application of glutamate at single spine heads or a significant number of NMDARs. The fate of Ca 2+ that across the dendritic surface of CA1 pyramidal neurons entered spine heads through NMDARs was governed in acute hippocampal slices. We combined this apby the shape (length and radius) of the spine neck.
proach with two-photon Ca 2+ imaging and whole-cell Larger spines had necks that permitted greater efflux patch-clamp recording to monitor the activation of of Ca 2+ into the dendritic shaft, whereas smaller NMDARs in these neurons with a high spatial resoluspines manifested a larger increase in [Ca 2+ ] i within tion. A low-affinity Ca 2+ indicator was used to minimize the spine compartment as a result of a smaller Ca 2+ the perturbation of endogenous Ca 2+ -buffering capacflux through the neck. Spine-neck geometry is thus ity. We investigated NMDAR-mediated Ca 2+ signaling in an important determinant of spine Ca 2+ signaling, alvarious types of spines and found that spine-head vollowing small spines to be the preferential sites for ume was negatively correlated with spine [Ca 2+ ] i but isolated induction of long-term potentiation.
positively correlated with [Ca 2+ ] i of the dendritic shaft at the base of the spine neck. These data suggest that Introduction the spine neck is a critical determinant of spine Ca 2+ ] i in the spine head and at the base of the spine simultaneously ( Figure 1A ). Alexa Fluor 594 fluorescence was also used for structural measurements.
Two-photon uncaging of MNI-glutamate (10 mM) was induced at the distal pole of a dendritic spine with a mode-locked Ti:sapphire laser (720 nm, 3 mW, 5 ms). This uncaging protocol was expected to induce currents with amplitudes about two to three times as large as those of miniature excitatory postsynaptic currents (EPSCs) (Matsuzaki et 
m (n = 6). The input Ca
2+ conductance of the den- 2+ pumps in the spine head. We quantified the rate S3A). Indeed, the increase in g N * was attributable pre-of Ca 2+ pumping in terms of spine-head conductance (g H ) (see Figure 8C) Figures 7A-7D) . We then removed
Expression of NMDARs
We have found that all small spines manifest a substantial NMDAR-mediated current (I NMDA ). The extent of I AMPA in small spines was less than that of I NMDA , whereas the ratio of these currents changed markedly as the spine-head volume increased. Given that small spines have small postsynaptic densities ( ture determines the amplitude of c H as necessary (Figures 8A and 8B) .
Spine Head-Neck Relations ing from the dendritic shaft and show a positive correlation with spine-head volume (V H ). However, we found Our measurement of Ca
2+ diffusion demonstrated that that g N is much more important than g H in the control the Ca 2+ conductance of the spine neck was highly deof c H ( Figure 8B ). We thus showed that the V H depenpendent on spine-head volume (V H ), roughly in propordence and dynamic range of g N were greater than those tion to the second power of V H . We have found that the of g H . Furthermore, the dependence of c H and c D on spine neck is dynamically altered during the spine-head spine structure can be explained to a large extent by enlargement that underlies LTP (Matsuzaki et al., 2004) (Svoboda et al., 1996) . We believe that our present data indicate that Rall's original by their large head volume or thick neck geometry (Figure S3D ). idea deserves further consideration, given that we detected substantial expression of NMDARs even in small In summary, we propose that spine-head and spineneck geometries play distinct roles in synaptic transspines, which have a small neck conductance. The electrical conductance of the spine neck can be estimission and its plasticity, respectively. We have shown that the spine neck is the most important determinant 
where c IH #, c IH , c ID, and j I were obtained from traces at the peak of Spine Ca 2+ Model J H (t), whereas c H , c D , and j H were obtained at the peak of C H (t) We consider a single-compartment model of the dendritic spine in (Figure 8E ). In the actual setting of the parameters, which Ca 2+ enters through NMDARs and exits both through the action of Ca 2+ pumps and by diffusion through a spine neck into a 
and where 
